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Abstract. Coherent alignments of galaxy shapes, often called “intrinsic alignments” (lA), are 
the most significant source of astrophysical uncertainty in weak lensing measurements. We de¬ 
velop the tidal alignment model of lA and demonstrate its success in describing observational 
data. We also describe a technique to separate lA from galaxy-galaxy lensing measurements. 
Applying this technique to luminous red galaxy lenses in the Sloan Digital Sky Survey, we 
constrain potential lA contamination from associated sources to be below a few percent. 
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1. Introduction 

Coherent, large-scale correlations of the intrinsic shapes and orientations of galaxies are 
a potentially significant source of systematic error in gravitational lensing studies, with 
the corresponding potential to bias or degrade lensing science results. This intrinsic align¬ 
ment (IA) of galaxie s has been examined th rough observations (e.g. Hirata et al.| 2007 : 
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( 2014ll for a recent review. As our understanding has improved, lA has also emerged 
as a potential probe of large-scale stru cture as well as halo and galaxy formation and 
evolution (e.g. Chisari fc Dvorkinll2013ll . 

We present recent developments in understanding lA. We first describe analytic model¬ 
ing of lA, focusing on the tidal alignment model (sometimes called the “linear alignment 
model”). This model is t ested and developed to consistently include nonlinear effects 
( Blazek et al We then present a techniqu e to separate the IA and weak 

lensing signals in a galaxy-galaxy lensing measurement (jBlazek et al.ll2012n . 


2. Tidal alignment 

Model predictions and co mparison to data . The tidal alignment model ( Catelan et al.l 
2001 ; Hirata fc Seliakl 2004h posits that the intrinsic ellipticity components of a galaxy. 
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Figure 1. The projected correlation function between galaxy position and shape Wg+ {left panel) 
and projected shape autocorrelation tc++ {right pan el) are shown as a function of projected 
separa tion, rp. Data points show the measurements of lOkumura et ahl (120091') : [Okumura fc Jind 
(I 2 OO 9 II . The W++ measurements have been projected along the line-of-sight, and open circles 
indi cate the original mea surement without a correction required to account for source clustering 
- see lBlazek et all (120111) for more information. Dashed lines indicate the linear order prediction 
of the tidal align ment model, while solid lines include the Halofit correction for nonlinear dark 
matter clustering (ISmith et al.ll20()^ . 


where Ci parameterizes the strength of the alignment, 'k is the gravitational potential, 
and 5" is a filter that smooths fluctuations on halo or galactic scales^ This type of 
alignment is most likely to arise in elliptical galaxies for which angular momentum does 
not play a significant role in determining shape and orientation. For spiral galaxies, 
the acquisition of angular momentum, for instance th rough “tidal torquing ,” generally 
leads to quadratic dependence on the tidal field (e.g. lUirata fc SeliakI 12004 ). The tidal 
alignment contribution is the lowest-order function of the gravitational potential with the 
necessary symmetry and is thus expected to dominate lA correlations on sufficiently large 
scales. The redshift at which the alignment is set, zja, is determined by the astrophysical 
processes involved in galaxy formation and evolution. It is sometimes assumed that zia 
is during matter domination when a halo first forms. However, late-time accretion and 
mergers could have a significant impact on lA, in which case the relevant Zia could be 
close r to the observed r edshift. allowing for significant nonlinear evolution of the tidal 
field ( Blazek et al.1 2015 ). 

To test the predictions of the tidal alignment model, we consider measurements of the 
auto- and cross-correlations between the shapes and positions of lum i nous red galaxies 
(LRG s) in the Sloan Digital Sky Survey (SDSS; lOkumura et al. 20091 : Okumura fc JinsJ 
I 2 OO 9 II . Since they are both highly biased and elliptical, LRGs should exhibit strong align¬ 
ment in agreement with the tidal alignment model. Indeed, as seen in Fig. [T1 the tidal 
alignment model provides a good description of correlations at large projected separations 
{pp > 10 /i“^Mpc). Fitting the model on large scale s to both auto- and cross-correlations 
yields a consistent value of Cipcrit ~ 0.12 ± 0.01 ( Blazek et al.l[201lh . Agreement with 
measurements on smaller scales is improved when the nonlinear evolution of dark mat¬ 
ter clustering i s included, producing what is sometimes called the “nonlinear alignment” 
(NLA) model ( Bridle fc Kind 200^ . 

Consistent treatment of nonlinear effects. Four effects can produce nonlinearities in the 
intrinsic shape correlations: (1) nonlinear dependence of intrinsic galaxy shape on the 
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tidal field (e.g., quadratic tidal torquing); (2) nonlinear evolution of the dark matter den¬ 
sity field, leading to nonlinear evolution in the tidal field; (3) a nonlinear bias relationship 
between the galaxy and dark matter density fields; (4) the lA field actually observed is 
weighted by the local density of galaxies used to trace the shapes. In the tidal alignment 
model, intrinsic galaxy shapes depend linearly on the tidal field, even on small scales. 
However, nonlinearities from the other three effects must still be considered. The NLA 
model includes the nonlinear evolution of the dark matter density but does not consider 
other nonlinear contributions. Thus, although the NLA approach improves the model fit 
to data, it is not fully consistent and omits important astrophysical effects. Instead, w e 
examine all nonlinear contributions in the context of tidal alignment ( Blazek et al.ll2ni,^ , 
including terms that contribute at next-to-leading order while simultaneously smoothing 
the tidal field (e.g. at the Lagrangian radius of the host halo). We find that the effects of 
weighting by the local galaxy density can be larger than the correction from the nonlin¬ 
ear evolution of dark matter density, especially in the case of highly biased tracers, since 
the leading effect from weighting scales with the linear galaxy bias. Contributions from 
nonlinear galaxy bias are also appreciable, although subdominant. 


3. Separating lA from galaxy-galaxy lensing 

In galaxy-galaxy lensing, the shapes of background galaxies are used to probe the 
dark matter distribution around lens objects, often by stacking images at lens centers 
in o rder to increase the s ignal. Scatter in the photometric redshifts for lensing sources 
('e.g. lNakaiima et al. 20I2ll ') can cause objects that are physically associated with the lens 
to be assigned a location significantly behind the lens, contaminating the lensing signal 
with shape correlations between physically associated sources and lens positions. Since 
the lensing signal measures the projected density profile of the lens objects, it should 
not depend on the redshift distribution of the background sources, assuming that the 
distribution is well known. However, as more distant sources (as defined by photometric 
redshift) are used, the fraction of physically associated objects and the corresponding lA 
contamination will decrease. Thus, by dividing the lens-source pairs into tomographic 
bins (by redshift separation), we are a ble to isolate the l ensing signal from the lA signal. 
We apply thi s method to LRG l enses ( Kazin et al.l 2010ll using the SDSS lensing catalog 
described in iReves et al.l (2012) t o place constraints on the average lA contamination 
per physically associated source (IBlazek et al.N2012ri . Results are shown in Fig. [2] and 
compared with lA measured directly in spectroscopic samples. These constraints cor¬ 
respond to a maximum lA contamination of a few percent at projected separations of 
O.I < Tp < 10 h ^Mpc. The tighter constraints for red sources is due to their stronger 
clustering rather than an underlying trend in lA amplitude. 


4. Conclusions 

Continued progress in understanding lA is critical for current and upcoming lensing 
experiments. We have presented important developments in modeling IA through the 
tidal alignment model, including a consistent treatment of nonlinear effects. Combined 
with results from simulations and techniques for predicting lA in the deeply nonlinear 
regime (e.g., a halo model approach), this improved tidal alignment model will allow more 
effective mitigation of lA contamination. We have also developed and applied a method 
to separate lA from the galaxy-galaxy lensing signal, providing both a clean lensing 
measurement and a probe of lA in galaxy samples without large numbers of spectroscopic 
redshifts. This technique should be an important tool in future measurements. 
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Figure 2. Constraints on lA contamination to the measured shear for each physically associated 
source (all, blue, and red) are shown. Data points with errors are model-independent constraints. 
Solid (dashed) lines denote 68% and 95% confidence intervals assuming a pow er-law (LRG 
observ ational) model. Previous spect roscopic results for SPSS red galaxies from iHirata et al.l 
l|2007fl and for WiggleZ galaxies from iMandelbaum et al.l ll2nilfl are shown for comparison. 
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